In order to measure the segmental impedance of the body, a bioelectrical impedance measurement system (BIMS) using multi-frequency applying method and two-electrode method was implemented in this study. The BIMS was composed of constant current source, automatic gain control, and multi-frequency generation units. Three experiments were performed using the BIMS and a commercial impedance analyzer (CIA). First, in order to evaluate the performance of the BIMS, four RC circuits connected with a resistor and capacitor in serial and/or parallel were composed. Bioelectrical impedance (BI) was measured by applying multi-frequencies -5, 10, 50, 100, 150, 200, 300, 400, and 500 KHz -to each circuit. BI values measured by the BIMS were in good agreement with those obtained by the CIA for four RC circuits. Second, after measuring BI at each frequency by applying multi-frequency to the left and right forearm and the popliteal region of the body, BI values measured by the BIMS were compared to those acquired by the CIA. Third, when the distance between electrodes was changed to 1, 3, 5, 7, 9, 11, 13, and 15 cm, BI by the BIMS was also compared to BI from the CIA. In addition, BI of extracellular fluid (ECF) was measured at each frequency ranging from 10 to 500 KHz. BI of intracellular fluid (ICF) was calculated by subtracting BI of ECF measured at 500 kHZ from BI measured at seven frequencies ranging from 50 to 500 KHz. BI of ICF and ECF decreased as the frequency increased. BI of ICF sharply decreased at frequencies above 300 KHz.
INTRODUCTION
Bioelectrical impedance analysis (BIA) is a noninvasive method of measuring a component of biological tissues and biological samples with ease [1] [2] [3] [4] . There are two methods for measuring bioelectrical impedance (BI): the two-electrode method and the four-electrode method. The four-electrode method has been used to overcome interference problems occurring at the interface between the electrode and the skin. The two-electrode method is widely used to measure BI because the circuit for measuring BI is simple compared to that of the four-electrode method.
BIA is divided into single-frequency analysis and multifrequency analysis, depending on the applied frequency [5] .
Single-frequency analysis is the method of measuring BI while applying single-frequency to living tissues and biological materials.
By contrast, multi-frequency analysis is the method of measuring BI at each frequency after applying the chirp waveform in combination with multiple frequencies from low frequency (LF) to high frequency (HF). The method of measuring BI at each frequency has also been accomplished by selectively applying the frequency in the ranges of LF, middle frequency, and HF. The single frequency analysis method has the advantage that BI can be measured in a short period of time when characteristics of living tissues and biological samples are analyzed in a particular frequency bandwidth. However, single frequency analysis has the disadvantage that BI cannot be analyzed in various frequency bandwidths [6] . On the other hand, the multi-frequency analysis method has the advantage that characteristics of living tissues and biological samples can be analyzed in various frequency bandwidths. However, the multi-frequency analysis method also 1 Department of Computer Simulation, Inje University, Eobang-dong, Gimhae-si, Gyeongsangnam-do, Korea 2 has disadvantages: the measurement time is long compared to that of single-frequency method, and the measurement circuit is complicated [7] .
Studies on BIA have been carried out by many researchers to
analyze the composition of living tissue and biological material [8] [9] [10] [11] [12] [13] [14] . Deurenberg et al. [8] investigated the applicability of BI for determining changes in body composition. The resistance of the human body to the conduction of an alternating electrical current is related to the volume of fluid within the body [9] . BIA is based on this principle and is currently utilized to determine the extracellular water (ECW) and total body water (TBW) content in the human body [10] . Scheltinga et al. [11] measured the electrical resistance across the whole body and its various segments before and after the intravenous administration of 1000 ml of saline.
They also measured the effect of blood donation on body resistance, and reported that BIA was an effective method for detecting minimal alterations in body fluid volume. Miyatani et al. [12, 13] investigated the validity of BI and ultrasonographic methods for predicting the muscle volume of the upper arm. BI and cross-sectional images of the forearm, upper arm, lower leg, and thigh on the right side were determined in 22 young healthy adult men using a specially designed BI acquisition system and magnetic resonance imaging (MRI) method, respectively. Ro et al.
[14] reported on a detection system for measuring blood pressure and blood flow variation rate using the impedance method.
In addition, Thomasset et al. [2] estimated the total body water in a living body. Chumlea et al. [15] analyzed the distribution of intracellular fluid (ICF) and extracellular fluid (ECF) within tissues in human body. Kanai et al. [16] analyzed the distribution of ICF and ECF in the body tissues. Lorenzo et al. [17] announced that while LF current was being applied to human tissue, BI increased because LF current flew outside the cell, rather than passing through the cell membrane. When HF current was applied to human tissue, BI decreased because HF current flew in the inner cell. In other words, ECF was determined from BI measured by applying LF current, total body water (TBW) was measured by applying HF current, and ICF was estimated by subtracting the HF impedance value from the LF impedance value [18, 19] .
The BIMS for measuring the impedance of body segments using multi-frequency analysis and the two-electrode method was 
RESEARCH METHOD

Equivalent Circuit for Human Body Impedance
Cells constituting human tissue consist of ICF and ECF that behave as electrical conductors, and a cell membrane that acts as an electrical condenser and is regarded as an imperfect reactive element [20] . BI of human tissue is measured differently depending on the frequency of the current. Current flows outside the cell membrane when LF current is applied to human tissue, whereas current flows into the cell through the cell membrane, as well as outside the cell, when HF current is applied to human tissue. That is, when the current with LF less than 10 KHz is applied to the cells, the current only flows in the interstitial fluid (i.e., ECF), but when current with HF above 100 KHz is applied to the cells, the current flows in both ECF and ICF. This phenomenon occurs because ECF performs as an electrical Fig. 1 . Equivalent circuit of electrode and skin proposed for measuring BI.
conductor in the LF bandwidth, ICF performs as an electrical conductor in the HF bandwidth, and the cell membrane acts as a capacitor filled with condenser dielectric substance [21] .
Therefore, the equivalent circuit in Fig. 1 was proposed to analyze BI of human tissue. The circuit in the top-right corner in Fig. 1 represents BI of the interface between the electrodes and the gel. 
Impedance Measurement System
As shown in Fig. 2 , the BIMS implemented in this study is composed of a main control unit (MCU, ATmega128, NewTC
Co., Korea), MFG unit, AGC unit, CCS unit, electrode, preprocessing part, and a PC. KHz are generated in the MFG unit. The output voltage of frequency generated by the MFG is automatically controlled in the AGC unit. Constant AC current of 500 μA is generated in the CCS, where the current is to be output to the electrode. The body segmental BI is measured while the current applied from two electrodes attached to the body tissue flow into the BI measuring region. BI measured at the body segments is transferred to the PC after preprocessing.
Multi-Frequency Generation Unit
Sine waves having multi-frequency should be applied to human tissue to measure the segmental BI in the human body. It is possible to measure ICF, TBW, and ECF when multi-frequency is applied to the human body. Accordingly, eight types of multifrequencies (i.e., 10, 50, 100, 150, 200, 300, 400, and 500 KHz)
were generated using a frequency generating device (FDG, XR-2206, EXAR Corp., USA).
The process of generating multi-frequency in a FDG is as types of multi-frequency generated by the FGD were sequentially applied to the measurement regions of the human body. Fig. 3 shows the designed circuit of the MFG unit.
Automatic Gain Control Unit
The output signal of the MFG is automatically controlled in the 
Constant Current Source
In order to measure body composition such as ECF, the cell 
2.6 Electrical Circuit of BIMS 
RESULTS
A BIMS with multi-frequency method and two-electrode Cornish et al. [22] . Fig. 9 illustrates the comparison of BI at each frequency ranging from 10 to 500 KHz, using the BIMS and CIA. Curve (a)
in Fig. 9(a) shows that BI is constant regardless of the applied frequency for the circuit in Fig. 8(a) . The error rate between the impedance values measured by the BIMS and CIA was 0.04%. Fig. 9(a) shows the impedance as a function of frequency for the circuit in Fig. 8 Fig. 9(a) shows BI as a function of frequency for the circuit in Fig. 8 Fig. 9(a) shows BI as a function of frequency for the circuit shown in Fig. 8 In order to evaluate the clinical significance of the BIMS, after selecting the experimental subjects, BI was measured at the left and right forearm and the popliteal regions using the BIMS and CIA. The experimental subjects were ten male adults with a mean age of 27.5 (±2.5 years), an average height of 173 cm (±3.2 cm),
Curve (b) in
and an average mass of 75 kg (±4.1 kg). Thirty minutes before the experiment, drinking and smoking was prohibited, and subjects were recommended to be comfortable in the spine posture. Each measurement was conducted again after taking a 10 minute break.
Each experiment was conducted five times for the 10 subjects using the BIMS and CIA. Fig. 9(a) . In reality, the cell membrane is an imperfect capacitor because of ionic conductivity and permeability through the cell membrane. In addition, the time constants between the RC circuit and cell membrane are different.
A comparison of BI measured at the left and right forearm and the popliteal regions using the BIMS and CIA indicated the following error rate of the BI measurement at eight frequencies.
As shown in Fig. 10(a) , the error rate of the BI measurement at a left forearm was 0.59% for 10 KHz, 1.59% for 50 KHz, 4.12% for 100 KHz, 3.68% for 150 KHz, 4.7% for 200 KHz, 4.04% for 300
KHz, 4.52% for 400 KHz, and 1.72% for 500 KHz. The error rate of BI measurement at a right forearm was 0.54% for 10 KHz, 2.1% for 50 KHz, 2.47% for 100 KHz, 3.43% for 150 KHz, 4.32% for 200 KHz, 3.85% for 300 KHz, 4.63% for 400 KHz, and 2.56% for 500 KHz. As shown in Fig. 10(b) , the error rate of BI measurement at the left popliteal region is as follows: 0.63% for I 17 I 3.13% for 300 KHz, 3.52% for 400 KHz, and 1.55% for 500 KHz. sharply than BI of ECF when the applied frequency increases from 50 to 500 KHz. This phenomenon agrees well with the fact that when a frequency above 300 KHz increases, the capacitance of the cell membrane decreases rapidly and then approaches zero.
In Table 1 , the symbol indicates that BI of ICF is approaching infinity at 10 KHz. The symbol 0 indicates that BI of ICF is approaching zero at 500 KHz.
CONCLUSIONS
In order to detect the trigger point for patients with chronic pain and myofascial pain syndrome (MPS), a BIMS for body segments was implemented. A multi-frequency method of sequentially applying eight selected frequencies from 10 to 500 KHz was applied to the BIMS, with the two-electrode method. The experimental results for evaluating the performance and verifying the efficiency of the BIMS are as follows.
1. BI was measured for four types of RC circuits. BI measured by the BIMS was in good agreement with that measured by the CIA. Thus, the BIMS implemented in this study proved to be capable of measuring BI at the segments of the human.
2. After attaching an electrode with a distance of 7 cm to the left and right forearm and the popliteal regions of the human body, BI was measured at each frequency ranging from 10 to 500 KHz.
Experimental results measured by the BIMS were compared with those acquired by the CIA. In general, BI values were observed to be higher in LF and lower in HF. BI measured using the BIMS and CIA exhibited the error rates of 1.2 % at LF and 1.74% at HF, respectively.
3. BI was measured at each frequency when the distance between electrodes was changed from 1 to 15 cm. Experimental results measured by the BIMS were compared with those acquired using the CIA. The error rates between BI values measured using the BIMS and CIA were 0.775% at LF (10 KHz) and 2.725% at HF (500 KHz), respectively.
4. BI of measured ECF and estimated ICF at a right forearm was acquired at each frequency ranging from 10 to 500 KHz for the distance between two electrodes. BI of ICF and ECF increased as the distance between the two electrodes increased from 1 to 15
cm, but decreased as the frequency increased from 10 to 500 KHz.
